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ABSTRACT

Objective: Alzheimer disease (AD) and frontotemporal lobar degeneration (FTLD) are hypothe-
sized to cause clinically distinct forms of primary progressive aphasia (PPA) that predominantly
affect expressive speech. AD is thought to cause logopenic progressive aphasia (LPA), and FTLD
may cause progressive nonfluent aphasia (PNFA). We sought to determine the value of clinical
characterization, neuropsychological analysis, and MRI atrophy in predicting pathology of LPA
and PNFA.

Methods: Patients with LPA (n � 19) and patients with PNFA (n � 19) were evaluated with neuro-
psychological assessments, structural MRI, CSF analysis, and neuropathologic examination.

Results: Twelve of 19 patients with LPA (63%) and 6 of 19 patients with PNFA (32%) had neuro-
pathologic findings or CSF biomarkers consistent with AD. Neuropsychological testing showed
that naming was more impaired in patients with AD, and letter-guided fluency was more affected
in patients with a non-AD disorder. Voxel-based morphometry analysis revealed that in patients with
AD, patients with LPA and PNFA had significant posterior-superior temporal atrophy; in patients with
non-AD, patients with LPA had peri-Sylvian atrophy and patients with PNFA had dorsolateral prefron-
tal and insular atrophy. Receiver operator characteristic curve analysis showed that combining neuro-
psychological testing with MRI atrophy pattern had 90% specificity for pathology or CSF biomarkers
consistent with AD, and combining clinical features with neuropsychological analysis had 100% sen-
sitivity for pathology or CSF biomarkers consistent with AD.

Conclusions: Neither PPA phenotyping nor imaging alone is a reliable predictor of pathology. Multimo-
dal predictors, such as combining neuropsychological testing with MRI analysis, can improve noninva-
sive prediction of underlying pathology in nonfluent forms of PPA. Neurology® 2010;75:595–602

GLOSSARY
AD � Alzheimer disease; AUC � area under the curve; BA � Brodmann area; FTLD � frontotemporal lobar degeneration;
LPA � logopenic progressive aphasia; PNFA � progressive nonfluent aphasia; PPA � primary progressive aphasia; ROC �
receiver operating characteristic; SemD � semantic dementia; VBM � voxel-based morphometry.

Primary progressive aphasia (PPA) represents a group of clinical syndromes that involve pro-
gressive decline in language functions.1-3 Clinically, 3 forms of progressive aphasic disorders are
recognized: progressive nonfluent aphasia (PNFA) with dysfluency and agrammatism;
logopenic progressive aphasia (LPA) with nonfluent speech and word-finding pauses; and
semantic dementia (SemD) with fluent speech but impaired object knowledge.2,4,5 Patients
with PNFA and LPA have reduced fluency (word output per minute), and can be considered to
have a nonfluent form of PPA in comparison to SemD. Some clinicopathologic analyses have
suggested that each nonfluent PPA syndrome marks a specific pathologic substrate. For exam-
ple, FTLD-tau pathology underlies PNFA,6-8 while Alzheimer disease (AD) causes LPA.4,9-11 At
the same time, PNFA can result from AD in clinicopathologic series,6,12 and FTLD has been

From the Departments of Neurology (W.T.H., C.M., M.G.) and Pathology and Laboratory Medicine (W.T.H., S.L., M.F., V.M.-Y.L., J.Q.T.),
Center for Neurodegenerative Disease Research (W.T.H., S.L., M.F., V.M.-Y.L., J.Q.T.), University of Pennsylvania School of Medicine,
Philadelphia; and Department of Neurology (D.L.), Drexel University School of Medicine, Philadelphia, PA. W.T.H. is currently affiliated with the
Department of Neurology, Emory University, Atlanta, GA.

Study funding: Supported by American Academy of Neurology Clinical Research Training Fellowship and the NIH (AG17586, AG15116, NS53488,
NS44266).

Disclosure: Author disclosures are provided at the end of the article.

Editorial, page 582

See pages 588 and 603

Supplemental data at
www.neurology.org

Address correspondence and
reprint requests to Dr. Murray
Grossman, Department of
Neurology, University of
Pennsylvania School of Medicine,
3400 Spruce Street, Philadelphia,
PA 19106
mgrossma@mail.med.upenn.edu

Copyright © 2010 by AAN Enterprises, Inc. 595



implicated in LPA.11 Therefore, significant
pathologic heterogeneity exists within each
nonfluent PPA syndrome, and improved di-
agnostic biomarkers remain necessary.

In addition to clinical features, patterns of
neuropsychological impairment13 and brain
atrophy10 may be useful antemortem assess-
ments for AD or FTLD. Relative differences
in impairment across neuropsychological tests
persist throughout disease in patients with
clinically defined PNFA or LPA and autopsy-
defined FTLD or AD,13 and PNFA and LPA
are associated with distinct patterns of MRI
cortical atrophy.4 However, it is unclear if any
of these features is useful in the prediction of
underlying pathology at the individual patient
level. We examined the value of these modali-
ties—individually and in combination—in
predicting AD pathology or CSF biomarkers
underlying LPA and PNFA.

METHODS Protocol approval, registration, and pa-
tient consent. All patients were recruited from the Depart-
ment of Neurology at University of Pennsylvania School of
Medicine. Protocols were approved by the Institutional Review
Board, and written informed consent was obtained from all pa-
tients and designated guardians.

Subjects. All patients with the diagnosis of LPA or PNFA were
included if they underwent antemortem diagnostic lumbar
puncture (n � 36) or had neuropathologic analysis at autopsy
(n � 8; 4 also underwent lumbar puncture). Four patients with
LPA and AD pathology at autopsy were not included for this
study as they did not undergo detailed neuropsychological and
high-resolution MRI analysis. All patients were evaluated pro-
spectively by a neurologist with expertise in progressive aphasic
syndromes (M.G.). Nineteen patients with LPA and 19 with
PNFA were identified. Clinical diagnosis was based on modified
published criteria.2,3,10 PNFA is diagnosed when there is effortful
speech with agrammatism, dysarthria with or without apraxia of
speech, and preserved word and object knowledge. LPA is diag-
nosed when there are significant word-finding pauses, impaired
naming, impaired sentence repetition, and preserved word and
object knowledge. The diagnosis of each patient was confirmed
through a consensus mechanism. The 2 groups were similar in
gender, age at onset, and disease duration at time of evaluation
(table 1). Neuropsychological testing assessed language, mem-
ory, and executive and visual domains during the initial clinical
visit as described previously (table 1).13 CSF was obtained at the
time of clinical evaluation,14 and analyzed in duplicate using a
sandwich ELISA for total tau (Innogenetics, Belgium) and
A�1–42 levels. A CSF tau:A�42 ratio cutoff of 1.05 was predic-
tive of AD pathology in our previous clinicopathologic cohort,
achieving a sensitivity of 78.9% and specificity of 96.6% in dis-
tinguishing AD from FTLD.14 Thus, we included the CSF tau:
A�42 ratio as an AD biomarker for patients without autopsy
confirmation (n � 30).

Voxel-based morphometry analysis. High-resolution volu-
metric MRI was obtained in a subset of patients with LPA (n � 12)
and patients with PNFA (n � 11) at the time of CSF and neuropsy-
chological evaluation, and in age- and gender-matched cognitively
normal controls. Images were acquired by a Siemens Trio 3-T MRI
scanner. High-resolution axial T1-weighted 3-dimensional spoiled
gradient echo images were acquired with repetition time � 1,620
msec, echo time � 3 msec, slice thickness � 1.0 mm, flip angle �

15o, matrix � 192 � 256, and in-plane resolution � 0.9 � 0.9
mm. Brain volumes were normalized to the MNI template and
segmented using the segmentation algorithm implemented in
SPM5 (http://www.fil.ion.ucl.ac.uk/spm5/). Statistical compari-
sons of modulated gray matter volumes were conducted using a
2-sample t test in SPM5. After anatomic brain regions distinguish-
ing between the 2 pathologic causes of nonfluent PPA were identi-
fied, the volume for each region was calculated by multiplying
average signal intensity in the segmented brain region and template
volume for that region. A ratio of adjusted volumes in regions re-
flecting AD or non-AD grouping membership (region atrophic in
non-AD:region atrophic in AD) was calculated in each individual to
account for relative atrophy pattern and interindividual intensity
differences. Other patients underwent routine clinical diagnostic
MRI, which were visually inspected to ensure that there was no
alternate cause of PPA, although these images did not have sufficient
spatial resolution to support volumetric analysis.

Neuropathologic examination. Eight patients (4 LPA, 4
PNFA) had detailed neuropathologic examination at autopsy. As
described previously,13 each case was examined by 2 board-
certified neuropathologists (M.S.F., J.Q.T.) with extensive expe-
rience in neurodegenerative disorders. Neuropathologic
diagnoses were established according to consensus criteria,15-18

with immunohistochemistry for phosphorylated tau (PHF1; Dr.
P. Davies)19; �-amyloid (4G8; Senetek, Maryland Heights,
MO); �-synuclein (Syn303)20; and TDP-43 (PolyTech, Chi-

Table 1 Demographic and neuropsychological features of patients clinically
diagnosed with logopenic progressive aphasia (LPA) and progressive
nonfluent aphasia (PNFA)a

LPA PNFA F p

n (% female) 19 (47%) 19 (63%) NA 0.515

Age at onset, y 62.74 (8.36) 65.16 (10.45) 0.621 0.436

Tau: A�1–42 ratio 2.493 (2.536) 1.131 (1.503) 3.944 0.055

p-Tau181 (pg/mL) 90.38 (40.95) 78.60 (66.31) 0.399 0.532

Autopsy 4 4

AD 2 0

FTLD 2 3

Disease duration at
testing, y

3.05 (1.90) 3.11 (1.66) 0.008 0.928

MMSE 22.28 (7.73) 22.58 (5.78) 0.018 0.894

Digit span forward �1.088 (0.804) �1.632 (1.036) 2.354 0.138

Digit span backward �1.487 (1.508) �1.594 (0.977) 0.053 0.819

Delayed recall �2.443 (0.950) �1.568 (1.264) 5.59 0.024

Recognition �6.802 (2.668) �6.655 (2.849) 0.023 0.881

Letter fluency �1.660 (1.225) �2.524 (0.863) 5.419 0.027

Boston Naming Test �2.174 (3.159) �2.741 (2.972) 0.291 0.593

Abbreviations: AD � Alzheimer disease; FTLD � frontotemporal lobar degeneration; MMSE �

Mini-Mental State Examination.
a Z score averages and standard deviations (in parentheses) are shown. Raw scores are trans-
formed into Z scores based on performance of 55 cognitively normal elderly subjects (58% female,
average age 65.9 years with SD � 8.4 years).
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cago, IL). Semiquantitative ratings (0 � absent, 1 � mild, 2 �

moderate, and 3 � severe) were used to assess the density of
senile plaques, as well as tau-positive, �-synuclein-positive, and
TDP-43-positive lesions.

Statistical analysis. Statistical analysis was performed using
SPSS 12.0 (Chicago, IL) unless otherwise specified. �2 test and
one-way analysis of variance were used to evaluate demographic
features and neuropsychological performance. Neuropsychologi-
cal measures were converted to Z scores in each individual rela-
tive to 55 age-matched and education-matched healthy control
subjects. With such a conversion, relative performance could be
compared across measures of different length and difficulty to
derive significant deficits.

For clinicopathologic prediction, results from univariate
analyses were integrated to create a multimodal scale with higher
values suggestive of AD. For qualitative clinical characterization,
features associated with AD (word-finding pauses, circumlocu-
tion, memory complaints) were each assigned a value of 1, and
features associated with non-AD (effortful speech and agramma-
tism) were each assigned a value of �1; the sum of these scores
formulated the composite clinical score. Neuropsychological raw
scores were converted to Z scores. A composite neuropsycholog-
ical score was created by subtracting BNT Z score (worse perfor-
mance in AD) from the FAS Z score (worse performance in
non-AD). For brain atrophy, a composite imaging score was de-

rived by the ratio of volume in regions uniquely associated with
atrophy in FTLD—inferior prefrontal cortex (Brodmann area
[BA] 47) and insula—to volume in regions uniquely associated
with atrophy in AD—angular gyrus (BA 39)—as defined by an
automated atlas.21 Each score was individually analyzed in a re-
ceiver operating characteristic (ROC) curve analysis to derive the
optimal cutoff for predicting AD pathology or CSF biomarker
pattern. After ROC analysis of each predictor, combinations of 2
factors and all 3 factors were further tested in ROC analyses by
summing predictor values. Areas under the curve (AUC) were
compared across predictor combinations to derive the optimal
sensitivity and specificity for predicting AD pathology of CSF
biomarker.

RESULTS Clinical, neuropsychological, and imaging
analyses in syndromic LPA and PNFA. The clinical
characteristics of patients with LPA and patients with
PNFA reflected their syndromic diagnosis, although
there were overlapping features (figure 1). Syndromic
diagnosis alone (LPA) has limited sensitivity (66.7%)
and specificity (65%) for AD pathology or CSF bi-
omarkers. Word-finding pauses (�2 � 7.134, p �
0.019), impaired naming (�2 � 5.700, p � 0.042),
and circumlocution (�2 � 3.800, p � 0.103) were
more common in LPA. Dysarthria (�2 � 10.378,
p � 0.02), effortful speech (�2 � 19.760, p �
0.001), and agrammatism (�2 � 13.328, p � 0.001)
were more common in PNFA.

Neuropsychological evaluation revealed that, as a
group, patients with LPA performed worse on de-
layed recall than patients with PNFA (F � 5.59, p �
0.024, table 1), and patients with PNFA performed
worse on letter-guided category naming fluency than
patients with LPA (F � 5.419, p � 0.027, table 1).

Analyses of MRI largely replicated reported differ-
ences between patients with LPA and patients with
PNFA when compared with age- and gender-matched
cognitively normal subjects. As a group, patients with
LPA had cortical atrophy throughout the left temporal
and parietal regions extending into the insula (table e-1
on the Neurology® Web site at www.neurology.org).
Patients with PNFA had cortical atrophy most promi-
nently along the left Sylvian fissure, and particularly in-
volved anterior regions (table e-1).

Pathologic and biomarker analysis. Analysis of these
38 patients revealed that AD and non-AD pathology
each contributed to the clinical syndromes of LPA
and PNFA. Among 19 patients with LPA, 12
(63.2%) had CSF biomarker (n � 11) or autopsy
findings (n � 2, 1 with both autopsy and CSF) con-
sistent with AD (LPA-AD, table 2). Among the rest
of the patients with LPA, 2 had autopsy confirma-
tion of FTLD-TDP (1 with a mutation in the pro-
granulin gene). Patients with LPA with FTLD-TDP
(LPA-FTLD) had higher lesion density in the tem-
poral neocortex and angular gyrus compared to the
frontal neocortex, but this pattern was not seen in

Figure 1 Clinical characteristics of patients with clinically diagnosed
logopenic progressive aphasia (LPA) and progressive nonfluent
aphasia (PNFA)

*Significantly different characteristic between patients with LPA and patients with PNFA.
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AD (table e-2). The remaining patients had CSF bi-
omarker patterns inconsistent with AD.

All 19 patients with PNFA had CSF analysis (ta-
ble 2), with 6 patients (31.6%) having CSF tau:
A�42 ratio �1.05 (PNFA-AD, none with autopsy).
Of the remaining 13 patients with PNFA, 3 had
autopsy-confirmed FTLD (2 with CBD and 1 with
PSP), and 1 had Lewy body disease, which is a rare
cause of PNFA in our center. Overall, 13 patients
with PNFA (68.4%) had autopsy or CSF biomarker
findings that are not consistent with AD pathology
(PNFA-FTLD, table 2).

Clinical, neuropsychological, and imaging prediction
of pathology or CSF biomarker consistent with AD.
We identified clinical, neuropsychological, and imaging
features to combine into multimodal measures for dis-
tinguishing AD and FTLD. Qualitative clinical features
of nonfluent PPA showed a trend associating AD with
word-finding pauses (�2 � 2.991, p � 0.130), circum-
locution (�2 � 2.702, p � 0.119), and memory com-
plaints (�2 � 2.788, p � 0.144), and associating FTLD
with effortful speech (�2 � 3.788, p � 0.087) and
agrammatism (�2 � 3.702, p � 0.096). These 5 fea-
tures were used to formulate a composite clinical score
for ROC analysis.

Neuropsychological analysis according to AD pa-
thology or CSF biomarker pattern showed that patients
with AD performed worse in confrontation naming
(F � 6.060, p � 0.019), and patients with FTLD per-
formed worse in letter-guided fluency (F � 3.402, p �

0.075). This is in keeping with our previous observation
that pathologic AD cases performed worse in confron-
tation naming than in letter-guided fluency over time,
regardless of the clinical syndromic diagnosis, with pa-
tients with FTLD having the opposite pattern.13 Given
the group-level differences, we formulated a composite
neuropsychological score by subtracting the Z score of
confrontation naming from the Z score of letter-guided
fluency for ROC analysis.

A subset of patients (6 LPA-AD, 6 LPA-FTLD, 5
PNFA-AD, 6 PNFA-FTLD) had high-resolution MRI
studies for voxel-based morphometry (VBM) analysis
(figure 2). VBM analysis showed that AD pathology or
CSF biomarkers were associated with atrophy in the left
temporal-parietal regions (green regions in figure 2,
peak voxels in BA 7, 21, 37, 39, 40, p � 0.05, family-
wise error–corrected). FTLD pathology or biomarkers
were associated with significant atrophy in the bilateral
frontotemporal regions including left insula and BA47
(red regions in figure 2, table e-1). Analysis based on
autopsy findings or CSF biomarkers associated atrophy
in BA 37 (angular gyrus) with AD, and atrophy in left
insula and BA 47 (inferior prefrontal cortex) with
FTLD. Ratio of atrophy in these regions (insula �

BA47:BA37) was used to create the composite atrophy
score for each individual.

Multimodal clinicopathologic prediction in LPA and

PNFA. Finally, we assessed the value of combining
the 3 scales to predict AD pathology or CSF biomar-

Table 2 Demographic and neuropsychological features of logopenic progressive aphasia (LPA) and
progressive nonfluent aphasia (PNFA) patients according to their pathologic groupinga

LPA-AD LPA-FTLD F p PNFA-AD PNFA-FTLD F p

n (% female) 12 (50%) 7 (43%) NA 1.000 6 (33%) 13 (39%) NA 1.000

Age at onset, y 60.92 (8.45) 65.86 (7.77) 1.596 0.224 63.17 (11.75) 66.08 (10.19) 0.305 0.588

Tau: A�1–42 ratio 3.482 (2.679) 0.680 (0.354) 6.314 0.024 2.662 (1.948) 0.424 (0.310) 17.365 0.001

p-Tau181 (pg/mL) 100.3 (39.0) 72.2 (41.3) 1.940 0.184 133.2 (99.9) 53.4 (16.0) 8.380 0.01

Autopsy 2 2 0 4

AD 2 0 0 0

FTLD 0 2 0 3

Disease duration
at testing, y

2.58 (1.56) 3.86 (2.27) 2.111 0.164 3.50 (2.43) 2.92 (1.26) 0.480 0.498

MMSE 22.33 (7.88) 22.17 (8.13) 0.002 0.967 23.67 (4.76) 22.08 (6.30) 0.299 0.592

Digit span forward �0.873 (0.992) �1.44 (0.365) 1.766 0.211 �1.960 (0.747) �1.486 (1.150) 2.225 0.165

Digit span backward �1.505 (1.816) �1.450 (0.684) 0.005 0.944 �1.357 (1.051) �1.750 (1.004) 0.348 0.567

Delayed recall �2.546 (0.797) �2.268 (1.220) 0.364 0.554 �1.696 (1.347) �1.514 (1.286) 0.069 0.797

Recognition �7.415 (1.960) �5.679 (3.570) 1.718 0.210 �6.531 (4.041) �6.700 (2.541) 0.010 0.924

Letter fluency �1.580 (1.340) �1.808 (1.082) 0.128 0.725 �2.017 (1.170) �2.754 (0.618) 2.132 0.166

Boston Naming Test �2.592 (3.361) �1.255 (2.766) 0.599 0.452 �5.632 (2.850) �1.390 (1.820) 14.21 0.002

Abbreviations: AD � Alzheimer disease; FTLD � frontotemporal lobar degeneration; MMSE � Mini-Mental State Examination.
a Functions tested include working memory (digit span backward), delayed recall, recognition, letter fluency, and confronta-
tional naming (Boston Naming Test). Z score averages and standard deviations (in parentheses) are shown, based on perfor-
mance of cognitively normal elderly subjects (n � 55).
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kers in nonfluent PPA. We used the major differ-
ences from univariate analyses between pathologic
AD and FTLD to derive a predictor scale for each
measure (see Methods). Neuropsychological analysis
had the largest AUC of 0.817 (86.7% sensitivity and
68.7% specificity for AD pathology or CSF biomar-
kers), followed by clinical features alone (AUC of
0.729, 72.2% sensitivity and 65.0% specificity for
AD) and MRI patterns of atrophy alone (AUC of

0.636, 72.7% sensitivity and 66.7% specificity for
AD). Predictor combinations were then tested in pa-
tients with all 3 measures available (n � 19). Com-
bining neuropsychological analysis with clinical
features (AUC � 0.878) or MRI patterns of atrophy
(AUC � 0.878) improved the distinction between
FTLD and AD (figure 3), but adding volumetric
MRI analysis to clinical features resulted in a higher
false-positive rate (AUC � 0.544). Combining neu-
ropsychological testing and volumetric MRI analysis
achieved 77.8% sensitivity and 90.0% specificity in
identifying AD pathology or CSF biomarkers in
nonfluent PPA (positive predictive value � 87.5%,
negative predictive value � 81.8%), and combining
neuropsychological testing and clinical features im-
proved sensitivity at the price of diminished specific-
ity, achieving 100% sensitivity and 80% specificity
(positive predictive value � 82.4%, negative predic-
tive value � 80.9%). Use of all 3 factors improved
the prediction model marginally (AUC � 0.900,
100% sensitivity and 80% specificity). This range of
accuracy was additionally confirmed with random
forest analysis using clinical features and neuropsy-
chological scores, with the model achieving 81.2%
accuracy (81.3% sensitivity and 82.4% specificity).

DISCUSSION AD and FTLD are the 2 main patho-
logic substrates that can manifest clinically as nonfluent
PPA. Qualitative clinical features, neuropsychological
performance, and MRI atrophy each represents a po-
tential predictor for AD or FTLD. Our findings suggest
that relative performance in neuropsychological tests
helps identify patients with AD pathology or CSF bi-
omarkers, and can achieve highly specific and sensitive

Figure 3 Predictive value of combining clinical features, neuropsychological
analysis, and MRI patterns of atrophy for Alzheimer disease
pathology in receiver operating characteristic analysis

AUC � area under the curve; Clin � clinical characterization; MRI � volumetric MRI analy-
sis; NPsy � neuropsychological analysis.

Figure 2 Regions of cortical atrophy according to clinical syndromic diagnosis or pathologic grouping
compared with age- and gender-matched cognitively normal subjects (n � 24; 58.3% female,
mean age at scan � 65.2 years, SD � 8.6 years)

Patients with logopenic progressive aphasia (A) and progressive nonfluent aphasia (B) demonstrated frontotemporal atro-
phy (red) when their CSF biomarkers or autopsy results are consistent with frontotemporal lobar degeneration, and
temporal-parietal atrophy (green) when their CSF biomarkers or autopsy results are more consistent with Alzheimer dis-
ease. A statistical height threshold for these analyses was set at p � 0.005 and only clusters comprised of 100 or more
adjacent voxels that survived a peak voxel significance of p � 0.05 (corrected for familywise error) were accepted.
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prediction of AD when combined with clinical charac-
terization or high-resolution neuroimaging analysis. We
discuss these findings below.

Previous observations hypothesized a direct
syndrome-pathology relationship within subgroups
of PPA. According to this hypothesis, LPA is a
marker of AD and PNFA is a marker of FTLD-tau.
Exactly what proportion of patients with LPA have
AD pathology at autopsy remains to be confirmed in
large clinicopathologic series. In 1 study, 7/11 clini-
cally diagnosed patients with LPA had AD pathol-
ogy, with the remaining showing FTLD-TDP
pathology.11 We found a similar proportion of pa-
tients with LPA with AD pathology or CSF biomar-
ker, plus 4 patients with LPA and AD at autopsy who
were excluded from this study due to absence of de-
tailed neuropsychological and MRI data. Thus,
among those with autopsy findings, we confirmed
that LPA itself is pathologically heterogeneous, with
a high proportion of cases showing pathologic find-
ings of AD (75%).

It is equally problematic to use PNFA as a reliable
marker of FTLD pathology. While PNFA is often
associated with FTLD spectrum pathology,22 PNFA
also can be a clinical manifestation of AD.6 PNFA is
characterized by effortful, agrammatic, and dysar-
thric speech, but nonfluent speech could be related
to limited category naming fluency23 in AD. Indeed,
we found some patients with LPA and patients with
PNFA to share clinical features presumed specific for
each syndrome. Furthermore, while a syndromic dis-
tinction between LPA and PNFA has limited sensi-
tivity (66.7%) and specificity (65%) for pathology,
detailed clinical feature tabulation only modestly im-
proved sensitivity without improving specificity.
Therefore, our findings do not support the use of
syndromic diagnosis or qualitative characterization
alone as a predictor for pathology.

Differences in the anatomic distribution of corti-
cal atrophy across clinical phenotypes or pathologic
substrates suggested the potential of volumetric MRI
analysis as a predictor. We found that patients with
AD generally had a temporal-parietal pattern of atro-
phy, and patients with FTLD had more frontal-
temporal atrophy. This pattern is consistent with
findings from previous series of aphasic or behavioral/
dysexecutive patients with autopsy findings of AD
and FTLD-TDP.24,25 Patients with FTLD also had
parietal atrophy in this study that could give rise to
word-finding deficits in LPA, suggesting again that
involvement of common brain regions by different
pathologic substrates can result in overlapping clini-
cal phenotype. At the individual patient level, the
relative distribution of atrophy performed only as

well as qualitative clinical characterization in predict-
ing AD pathology or CSF biomarker.

In contrast, patterns of quantitative neuropsycho-
logical performance significantly differed across bi-
omarker/pathology groupings regardless of the
syndrome. We previously observed the unique asso-
ciation between relative performance on neuropsy-
chological measures and underlying pathology across
syndromes in patients followed to autopsy.13 This
relative difference in performance may reflect differ-
ential vulnerability of brain regions to AD or FTLD
pathology independent of the dominant syndrome
or disease duration, and thus provided superior sensi-
tivity and specificity in predicting the underlying pa-
thology. The syndrome-independent nature of this
relative neuropsychological performance may also ex-
plain why the composite neuropsychological scores
and clinical features may improve prediction of AD
pathology or CSF biomarkers synergistically rather
than redundantly.

While each predictor alone was useful in patho-
logic prediction, we reasoned that a combination of
these could improve the ability to predict pathology.
This combinatorial process has been demonstrated in
recent work,26 although not in a comparative man-
ner. The reduction in false-positive rate that we ob-
served likely results from complementary interaction
between neuropsychological testing and other fac-
tors, in contrast to the increased false-positive rate
when clinical characterization and MRI analysis were
combined. Likewise, the combination of all 3 factors
improved the overall diagnostic accuracy only mod-
estly. One possible explanation is that multiple fac-
tors contributing to a multimodal analysis must be
relatively independent of each other to improve the
overall predictive power. Regional MRI atrophy did
not improve the syndrome-based prediction of un-
derlying pathology nor the most inclusive multimo-
dal predictor model, possibly due to the association
between brain atrophy and clinical symptoms. Nev-
ertheless, the modification of a single predictor’s per-
formance by another is promising evidence that
independent biomarkers can be analyzed in predic-
tive combinations to improve overall diagnostic ac-
curacy. Additional biomarkers under investigation
should also be assessed in a combinatorial fashion to
maximize their utility, including cerebral amyloid
imaging,27 diffusion tensor imaging,28 and plasma or
CSF proteomics.29

This study has a number of limitations, including
the use of CSF biomarkers as surrogate for pathol-
ogy. While CSF tau:A�42 ratio is associated with
high specificity over 90%, the modest sensitivity un-
der 85% may have underestimated the number of
AD cases within each syndrome. Not all patients had
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high-resolution MRI, also limiting the sensitivity
and specificity contributed by this modality, and au-
tomated high-throughput volumetric measurements
of specific brain regions—once identified—is cur-
rently available only at selected centers.30 The multi-
modal combination identified in the current study
should be tested in an independent group of autopsy-
confirmed patients, and future studies should incor-
porate other biomarkers for AD, FTLD-TDP, and
tauopathies. With these caveats in mind, we propose
that the pathology causing nonfluent PPA can be
identified by combining qualitative clinical features,
quantitative neuropsychological analysis, and MRI
pattern of atrophy.
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